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1. Introduction {#sec1}
===============

Carbon nanoparticles (CNPs) are biocompatible fluorescent materials which offer excellent application potential in sensing,^[@ref1]−[@ref6]^ drug delivery,^[@ref7]−[@ref10]^ bioimaging,^[@ref11]−[@ref15]^ LEDs,^[@ref16]−[@ref18]^ and optoelectronic technologies.^[@ref19],[@ref20]^ In recent years, CNPs are one of the promising candidates in chemistry research because of their unique properties like multicolor fluorescence, size, surface modification, and biocompatibility. The fluorescence of CNPs lies within their surface defects, which serve as surface energy traps and host the radiative recombination of excitons.^[@ref21]^ Moreover, CNPs are nontoxic and very low-cost derived fluorescent particles, making them appropriate in various bioimaging applications.

Till now, several techniques have been adopted to synthesize CNPs, such as hydrothermal carbonization,^[@ref22]^ arc discharge,^[@ref23]^ plasma treatment,^[@ref24]^ laser ablation,^[@ref25]^ solvothermal treatment,^[@ref26]^ electrochemical oxidation, and microwave pyrolysis.^[@ref27],[@ref28]^ However, hydrothermal carbonization is preferred over other existing physical methods, because of its simplicity, low cost, eco-friendly steps, and production of CNPs with good quantum yield (QY). Recently, hydrothermal carbonization of many natural sources has been successfully applied to synthesize CNPs. It is found that the chemical constituents present in the natural sources play an essential role in determining the surface functional groups of the produced CNPs.^[@ref29]−[@ref33]^ For this reason, the emission wavelength of the fluorescent CNPs prepared from various natural sources has been found to be different. Nevertheless, CNPs act as an efficient fluorescent probe in sensing applications^[@ref34],[@ref35]^*via* its surface functional groups (*e.g.*, carboxylic, hydroxyl, and amine), which play a significant role in the interaction with the analyte. The interaction between the CNPs and the analyte could lead to either enhancement or quenching of the fluorescence.^[@ref36]^ The quenching mechanism of nanoparticles include static quenching, dynamic quenching, energy transfer, and inner filter effect.^[@ref33],[@ref34]^ However, the mechanism for fluorescence enhancement of CNPs comprise mainly of complex formations with the analytes.^[@ref37]^

Meanwhile, foodborne diseases are a matter of grave concern in today's modern world because of their broad spectrum of associated illnesses and a new public health problem globally.^[@ref38]^ Foodborne diseases are usually caused by microorganisms or chemicals entering into the body through contaminated food.^[@ref39]^ While chemical substances like synthetic colors are added during food processing to produce appealing products for consumers, it may lead to serious illness.^[@ref40]^ The most common clinical presentation of the foodborne diseases caused by food colors is gastrointestinal, neurological, and immunological symptoms. The ingestion of contaminated foodstuff may lead to multiorgan failure or even cancer, thus indicating a considerable disability and mortality rate.^[@ref41]^

Brilliant blue FCF (bis{4-(*N*-ethyl-*N*-3-sulfophenylmethyl)aminophenyl}-2-sulfophenyl methylium disodium salt, BB) is a triphenylmethane dye, commonly known as E133.^[@ref42]^ The Food and Drug Administration (FDA), USA, has approved the use of this synthetic dye in the food industry and medicines after testing on animals. Although BB is relatively nontoxic, few studies have provided evidence of health risks on the consumption of BB, especially on ill patients and children. In children, consumption of BB also attributes to inhibitory effects on mitochondrial respiration of human cells, leading to asthma.^[@ref43],[@ref44]^ In hospitals, the systematic absorption of the dye is observed in the gastrointestinal tract and lingual mucosa of patients who are enteral feed with BB, as the condition may lead to refractory hypotension, acidosis and even death.^[@ref45]^ Hence, very strict regulatory legislations are implemented to control their usage on food items. In 2010, the European Food Safety Authority (EFSA) has modified the acceptable daily intake (ADI) of BB to be 6 mg/kg bw/day from the earlier value of 10 mg/kg bw/day. Currently, in the EU, BB is allowed with a maximal level of 20--500 mg/kg in various foodstuff and less than 200 mg/L in beverages.^[@ref46]^ In India, BB is a permitted synthetic dye for use in food products, approved by the Food Safety and Standards Authority of India (FSSAI). However, according to rule 30 of Indian Prevention of Food Adulteration Act, the permissible limit to use BB is 100--200 ppm. However, as a drawback, neither the ADI nor the specified amount in foodstuff has been mentioned. Meanwhile, many sophisticated and laborious analytical techniques have been utilized for detection of BB, involving voltammetry,^[@ref47]^ dispersive liquid--liquid microextraction,^[@ref48]^ potentiometry,^[@ref49]^ electrochemiluminescence,^[@ref50],[@ref51]^ and dispersive microsolid phase extraction.^[@ref52]^ However, use of easy and economic spectrofluorometry^[@ref53],[@ref54]^ methods or CNPs^[@ref55]^ as the fluorescence sensor for BB detection is rare.

In this report, we present a cost-effective and eco-friendly, green hydrothermal method for preparing multicolor CNPs with well-controllable light blue, blue, green, and red emission from *Eucalyptus* twigs. *Eucalyptus globulus* is prevalent all over the world for its medical and aromatic importance. It is mostly used in embrocations and lozenges as it has antimicrobial properties.^[@ref56]^ The extracts of *Eucalyptus* stem consist of many essential phytoconstituents, such as flavonoids, eucalyptone, alkanoids, tannins, triterpenes, and several terpenoids.^[@ref57]^ Therefore, in the present work, *Eucalyptus* twigs were chosen as a precursor for the preparation of CNPs. The two-step procedure involves the synthesis of a multicolor-emitting mixture of CNPs from dry *Eucalyptus* twigs and ammonium chloride, followed by separation of the individual fluorescent fractions by vacuum filtration. A simple differential washing (DW) procedure was applied to observe switching from green-emitting fluorescent CNPs (GCNPs) to red (RCNPs) to blue (BCNPs) and light blue (LBCNPs). Among the synthesized CNPs, LBCNPs were successfully used as the fluorescent probe for the selective detection of BB among other coexisting substances. Moreover, the LBCNPs have been found to be viable for cellular studies from the cytotoxicity experiments and subsequently used in biomedical imaging *in vitro*, owing to their highly photostable nature.

2. Results and Discussion {#sec2}
=========================

2.1. Optical Properties of CNPs {#sec2.1}
-------------------------------

The UV--visible spectra of the CNPs showed a typical π--π\* transition in the region of 200--280 nm and also a reasonably-resolved n−π\* transition at 360 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). However, it was noted that RCNPs exhibited a slightly altered π--π\* transition maxima compared to other CNPs. This could be because of the presence of different environments of RCNPs in ethanol. As all the other CNPs were obtained in more polar aqueous medium, their π--π\* absorption maxima were found to be redshifted compared to RCNPs. Moreover, an additional absorption peak was seen at around 670 nm, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. This lower energy band was probably because of the presence of chlorophyll in the dry eucalyptus twigs.^[@ref58]^ Moreover, earlier reports suggested that the associated lower energy band in red fluorescent carbon dots were found because of the narrowing of the electron bandgap.^[@ref22]^

![(a) UV--vis absorption spectra of separated fractions after filtrations. (b) Absorption band at 670 nm for RCNPs.](ao0c03148_0001){#fig1}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} showed the three-dimensional fluorescence data of the prepared CNPs, where the emission maxima in each CNPs were found to be dependent on the excitation wavelength. For all the CNPs, we observed a redshift in the emission maximum with an increase in the excitation wavelength, as a common feature for many carbon nanosystems.^[@ref59]^ However, the fluorescence maxima with highest intensity were recorded at 530, 450, and 380 nm for GCNPs, BCNPs, and LBCNPs, respectively, but RCNPs exhibited dual emission maxima at 580 and 670 nm, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d. Figure S1, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf), shows the corresponding excitation-dependent emission spectra of the synthesized CNPs. The QYs for individual fractions were calculated according to the procedure given in Method S1, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf), and were found to be 10% for LBCNPs, 7% for BCNPs, 4% for GCNPs, and 2% for RCNPs. While the obtained QY values were relatively low, it is important to note that neither the CNPs are synthesized with the highly fluorescent precursor nor they are doped with any other heteroatom as can be typically seen in the literature.^[@ref17],[@ref28]^

![Excitation-dependent emission plots of individual fractions: (a) LBCNPs, (b) BCNPs, (c) GCNPs, and (d) RCNPs.](ao0c03148_0006){#fig2}

The fluorescence lifetime of the CNPs showed a gradually decreasing trend as the emission wavelength was redshifted, starting from LBCNPs to RCNPs. The photoluminescence decay trace of all the fractions was found to be multiexponential in nature (Figure S2, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf)) with three lifetime components, as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Different lifetime components of CNPs exist because of the presence of different luminescence centers and their different deactivation pathways.^[@ref60]^ The average fluorescence lifetimes of the LBCNPs, BCNPs, GCNPs, and RCNPs were recorded as 4.5, 3.9, 3, and 2.7 ns, respectively. This phenomenon could be related to the sizes obtained for different CNPs, based on the quantum confinement effect.^[@ref61]^

###### Photoluminescence Decay Parameters of LBCNPs, BCNPs, GCNPs, and RCNPs when Excited at 340, 375, 440, and 510 nm, Respectively

  sample   τ~1~ (ns)   τ~2~ (ns)   τ~3~ (ns)   α~1~ (%)   α~2~ (%)   α~3~ (%)   χ^2^   τ~avg~ (ns)
  -------- ----------- ----------- ----------- ---------- ---------- ---------- ------ -------------
  LBCNPs   0.47        2.33        7.8         13.35      42.19      44.46      1.07   4.5
  BCNPs    0.19        1.92        6.63        16.36      35.64      48.00      1.26   3.9
  GCNPs    0.17        1.55        4.93        17.81      29.8       52.39      1.17   3.0
  RCNPs    0.24        1.23        4.82        23.80      27.08      49.12      1.23   2.7

2.2. Characterization of CNPs Using FE-SEM, XPS, and FTIR {#sec2.2}
---------------------------------------------------------

The size and morphology of the CNPs were thoroughly analyzed by the field-emission scanning electron microscopy (FE-SEM) technique, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The particles were found to be uniform in shape, mostly spherical or oval. However, the associated size distribution was heterogeneous in each fraction. Importantly, the histogram analysis clearly showed an increase in the average size from LBCNPs to RCNPs. For LBCNPs, the average particle size was found to be around 15 nm. While the average size of BCNPs was found to be higher at ∼35 nm, the average sizes of GCNPs and RCNPs were found to be around 40--50 nm. A similar increase in the particle size was registered from LBCNPs to GCNPs, when we carried out the dynamic light scattering (DLS) experiment (Figure S3, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf)). However, the DLS experiment provided larger size of the particles compared to SEM as it presented the hydrodynamic diameter of the particles instead of the actual size. It can be postulated that the observed multicolor emission of the particles from light blue to red with a concomitant decrease in the average fluorescence lifetime ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf)) may correspond to different aggregation degrees of CNPs caused by the DW treatment. During the successive washing process, the agglomeration of CNPs reduced, resulting in a blue-shifted emission starting from green fluorescence.

![(a,c,e,g) are SEM images of LBCNPs, BCNPs, GCNPs, and RCNPs, respectively; scale bar is 300 nm. Inset of (a) shows the zoomed-in image of (a); scale bar is 25 nm. (b,d,f,h) are corresponding histogram distribution of particle size.](ao0c03148_0007){#fig3}

The X-ray photoelectron spectroscopy (XPS) study was performed to probe the surface composition and elemental analysis of the CNPs. The XPS spectra indicated that the CNPs were mainly composed of C, N, O, and Cl, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The high-resolution XPS spectrum of C 1s (Figure S4, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf)) showed three peaks at 284.7, 286.5, and 288.6 eV, which indicated the presence of C=C/C--C, C--O and C=O, indicating the graphitic nature and carboxylic acid surface groups of CNPs.^[@ref22]^ In the O 1s band for all the fractions except LBCNPs, peaks were centered at 532 eV, which corresponded to C=O (Figure S5, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf)). In the case of LBCNPs, the deconvoluted peaks at 531.8, 533, and 534.7 eV corresponded to C=O, C--O, and O--C--O units, respectively.^[@ref62]^ The N 1s band showed a single peak at 401 eV, indicating the presence of NH~4~^+^, as shown in Figure S6, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf).^[@ref63]^ Additionally, we closely monitored N 1s percentage in all the samples to understand if there was involvement of nitrogen doping in CNPs. It is known that higher percentage of nitrogen doping in the particles leads to more redshift in its emission.^[@ref22]^ However, we detected higher nitrogen percentage for GCNPs compared to RCNPs, as shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} and Figure S7, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf). Moreover, a gradual reduction in nitrogen and chlorine percentage was noted in the case of BCNPs. XPS spectra of LBCNPs showed no trace of nitrogen and chlorine, as shown in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and S6, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf). Thus, it can be postulated that the precursor ammonium chloride did not contribute to doping rather it only provided an acidic medium during the synthesis of CNPs. The obtained nitrogen and chlorine contents for CNPs exactly followed the order of appearance of particles during the washing process.

![Fast-scan XPS spectrum of (a) LBCNPs, (b) BCNPs, (c) GCNPs, and (d) RCNPs.](ao0c03148_0008){#fig4}

###### Elemental Composition of Prepared LBCNPs, BCNPs, GCNPs, and RCNPs

  sample   C 1s (%)   O 1s (%)   N 1s (%)   Cl 2p (%)   Mg 1s (%)
  -------- ---------- ---------- ---------- ----------- -----------
  LBCNPs   78.67      21.33                              
  BCNPs    68.88      19.2       6.4        5.3         0.17
  GCNPs    58.67      15.7       13.01      12.22       0.37
  RCNPs    64.82      14.77      9.82       10.24       0.35

Further, Fourier transform infrared spectrometry (FTIR) studies were also performed, and the analysis confirmed the presence of −OH and −CH functional groups in all fractions, corresponding to the typical peaks obtained around 3130--3000 and 2790 cm^--1^, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Carboxylic C=O bonds at 1623 cm^--1^ were also seen in all the fractions but more predominantly in GCNPs, being the first fraction separated. It is to be noted that 1407 cm^--1^ was the most intense peak observed for all the fractions which corresponded to the C=C group, confirming the graphitic nature of the FCNPs. The peak at 1094 cm^--1^ corresponded to the C--O group, was also seen for all the fractions, confirming the presence of −COOH groups. Zeta potential values of the LBCNPs, BCNPs, and GCNPs were measured as −20.5, −12, and −1.7 mV, respectively, as shown in Figure S8, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf). The negative zeta potential values of the particles are in good agreement with XPS and FTIR data, suggesting the abundance of −COOH and/or −OH groups in the surface.

![FTIR spectra of the separated fractions.](ao0c03148_0009){#fig5}

2.3. Detection of Brilliant Blue *via* Fluorescence Quenching of LBCNPs (Sensor) {#sec2.3}
--------------------------------------------------------------------------------

Figure S9, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf), demonstrated a high photostability for LBCNPs under continuous excitation from 365 nm UV light, as the photoluminescence of the particles remained unaffected for 90 min. Besides, the stability of LBCNPs was further studied at various storage periods. LBCNPs were found to be stable for more than 6 months, demonstrating a high shelf life. Hence, LBCNPs were chosen and applied for selective and sensitive detection of BB because of their excellent water solubility, high shelf life, good photostability, and higher QY among other CNPs.

As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, the LBCNPs presented strong fluorescence around 380 nm, when excited at 320 nm. We observed immediate quenching of fluorescence intensity of the sensor, on addition of BB. To comprehend the quenching efficacy of sensor toward BB, fluorescence titrations were performed with increasing concentrations of BB. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a demonstrated a sequential "turn-off" behavior of the sensor, as we observed a steady decrease in the emission of the sensor on addition of an increasing amount of BB. The decrease in fluorescence intensity of LBCNPs exhibited a linear response when the concentration of BB was found to be in the range of 0.25--2 μM ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b), and a plot between (*I*~max~ -- *I*)/(*I*~max~ -- *I*~min~) *versus* Log\[BB\] was obtained. The limit of detection (LOD) was calculated from the X-intercept of the straight line, as per the standard procedure,^[@ref64]^ where *I*~max~ and *I*~min~ were the maximum and minimum intensity in the selected range of concentrations and I was the fluorescence intensity at that particular concentration. The detection limit of the sensor was found to be 200 nM. In [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, we have compared the efficacy of our sensor with the already reported sensors for BB detection. It is worth mentioning here that most of the already reported studies with lower or comparable detection limit for BB have used either sophisticated techniques or time-taking preparations with several steps and complicated operations.

![(a) Fluorescence spectra of LBCNPs in the presence of different concentrations of BB in aqueous medium. (b) Linear concentration range of BB detection, between 0.25 and 2 μM, with an LOD of 200 nM.](ao0c03148_0010){#fig6}

###### Detection of Brilliant Blue Using Different Analytical Methods

  probe                                            method                                                 detection limit (nM)  refs
  ------------------------------------------------ ----------------------------------------------------- ---------------------- ------------
  multiwalled carbon nanotubes                     voltammetry                                                    65.5          ([@ref47])
  1-decyl-3-methyl Imidazolium tetrafluoroborate   disperse liquid--liquid microextraction                        0.43          ([@ref48])
  ion-selective membrane                           potentiometric                                               \<10,000        ([@ref49])
  Zn-MOF                                           electrochemiluminescence, ECL                                   28           ([@ref50])
  Ru(bpy)~3~^2+^ poly(sulfosalicylic acid)/GCE     electrochemiluminescence, ECL                                   57           ([@ref51])
  cationic silver(I) coordination polymer          dispersive microsolid phase extraction                         2.8           ([@ref52])
  [l]{.smallcaps}-cysteine-capped quantum dots     spectrofluorometry                                             350           ([@ref53])
  CdTe/ZnO~2~ quantum dots                         spectrofluorometry; tedious and multistep procedure            8.8           ([@ref54])

  determination of brilliant blue using CNPs                                                         
  ------------------------------------------------------------ ---------- -------------------- ----- ------------
  citric acid and urea---N-doped "blue-emitting carbon dots"   350; 430   spectrofluorometry   377   ([@ref55])
  dry *Eucalyptus* twigs---"light blue-emitting CNPs"          320; 380   spectrofluorometry   200   this work

2.4. Mechanism of Fluorescence Quenching {#sec2.4}
----------------------------------------

In principle, fluorescence quenching of an emitter occurs *via* various kinds of mechanisms such as static or dynamic quenching, inner filter effect, and electron-energy transfer.^[@ref65]^ In order to understand the quenching mechanism, it is essential to observe the spectral properties of the complexes in the ground state and excited state. Therefore, the absorption spectra of LBCNPs were collected in the presence of BB (Figure S10, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf)) to identify if there was any indication of ground--state complex formation between the two. However, with increasing concentration of BB, the change in absorbance of LBCNPs showed a nonmonotonic behavior, evading any conclusive evidence against the static quenching mechanism.

To further understand the mechanism with possible involvement of dynamic quenching, fluorescence quenching experiments with LBCNPs and BB were performed at three different temperatures and Stern--Volmer (SV) plots were depicted ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) using SV equation: *F*~0~/*F* = 1 + *K*~SV~\[*Q*\], where *F*~0~ and *F* are the fluorescence intensities of LBCNP at 380 nm in the absence and presence of BB, respectively, \[*Q*\] is the concentration of BB, and *K*~SV~ is the SV constant, which defined the quenching efficiency of the quencher. The figure showed larger amount of quenching at higher temperatures indicating the contribution of dynamic quenching because of faster diffusion. Lifetime measurements ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) were also carried out to observe any change in the lifetime of the emitter in the presence of BB. We noticed a decrease both in the faster and slower component of the lifetime of the emitter (from 0.7 to 0.35, 2.01 to 1.89, and 7.88 to 7.66 ns) followed by addition of BB with a concentration of 10^--6^ M, confirming the involvement of dynamic quenching ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). A similar trend was observed with the addition of BB in higher concentration. However, the average lifetime of LBCNPs was found to be almost unaffected.

![(a) SV plots for the LBCNPs-BB system at different temperatures. (b--d) are modified plots using [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} at 298, 308, and 318 K, respectively.](ao0c03148_0011){#fig7}

![Photoluminescence decay trace of LBCNPs in the absence and presence of BB at two different concentrations.](ao0c03148_0012){#fig8}

###### Photoluminescence Decay Parameters of LBCNPs in the Absence and Presence of BB when Excited at 340 nm

  sample                 τ~1~ (ns)   τ~2~ (ns)   τ~3~ (ns)   α~1~ (%)   α~2~ (%)   α~3~ (%)   χ^2^   τ~avg~ (ns)
  ---------------------- ----------- ----------- ----------- ---------- ---------- ---------- ------ -------------
  LBCNP + water          0.70        2.01        7.88        15.5       47.21      37.29      1.01   4.0
  LBCNP + BB (10--6 M)   0.35        1.89        7.66        14.76      45.65      39.59      1.11   4.0
  LBCNP + BB (10--4 M)   0.49        1.82        7.51        11.11      49.11      39.78      1.09   3.9

Meanwhile, a closer look at [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a revealed that each of the SV plots at three different temperatures (298, 308, and 318 K) showed a considerable positive deviation from the linear behavior. Generally, the positive deviation from the linear behavior at higher concentration of the quencher indicates the presence of either static or transient quenching, in addition to dynamic quenching.^[@ref65],[@ref66]^ In the presence of static as well as dynamic quenching, the SV equation is modified as^[@ref65]^

Orwhere *K*~D~, *K*~S~, and *K*~app~ are dynamic, static, and apparent quenching constants, respectively. The individual values of *K*~D~ and *K*~S~ could be obtained if a plot of *K*~app~*versus* \[*Q*\] yielded a straight line with an intercept of *K*~D~ + *K*~S~ and a slope of *K*~S~*K*~D~. However, we noticed a poor fit against very scattered data points (Figure S11, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf)), when we plotted *K*~app~*versus* \[*Q*\], ruling out the possibility of static quenching.

However, as mentioned earlier, the positive deviations in the SV plot could be credited also because of transient quenching effects, if there was a weak association between LBCNPs and BB with no actual formation of any ground--state complex. It might be postulated that the quencher molecule BB was adjacent to the LBCNPs at the time of excitation, leading to the apparent static quenching due to the formation of the closely placed LBCNPs-BB pair. Such quenching processes are categorized as the "sphere of action" model.^[@ref66]^ For such model, the SV equation is modified as^[@ref66]^where *K*~T~ is the transient quenching constant. Here, , where *V* is the volume and *R* is the radius of the sphere around the emitter, where the probability of quenching is unity.^[@ref65]^ Transient quenching occurs in the pre-existing emitter--quencher pairs within the quenching sphere at the time of electronic excitation. Using [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, significantly better fittings are obtained as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b--d, confirming the involvement of the transient quenching between LBCNPs and BB. The corresponding *K*~D~ and *K*~T~ values of the quenching interaction at each temperature were obtained from the fit and are listed in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}. As expected, *K*~D~ values increased with higher temperatures, while there was a possible disruption of the transient complex with the increase in the temperature, and subsequently, lower *K*~T~ values were obtained. At 298 K, the *K*~T~ value was obtained as 1.1 × 10^4^ M^--1^ and the radius (*R*) of the quenching sphere was calculated to be ∼16 nm. Considering the average size of the LBCNPs as 15 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) and the approximate length of BB as 1.5 nm, the estimated value of *R* was found to be reasonable. Thus, for the LBCNPs-BB pair, the radius of the sphere of maximum probability of quenching was found to be a range ∼2 times greater than the sum of the radii of LBCNPs and BB.

###### *K*~D~ and *K*~T~ Values for the Interaction between LBCNPs and BB at Different Temperatures

  temperature (K)   *K*~D~ (L mol^--1^)   *K*~T~ (L mol^--1^)
  ----------------- --------------------- ---------------------
  298               2.0 × 10^4^           1.1 × 10^4^
  308               4.2 × 10^4^           8.4 × 10^3^
  318               4.8 × 10^4^           8.2 × 10^3^

### 2.4.1. Temperature-Dependent ^1^H NMR Analysis {#sec2.4.1}

Furthermore, we have successfully obtained molecular-level insights of the physical interaction between the two entities by carrying out the ^1^H NMR study on BB and LBCNPs-BB adduct ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). As shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a,b, among many other peaks, we focused on a triplet at δ = 1.218 ppm because of methyl protons of the *CH*~*3*~CH~2~N group and a multiplet near δ = 7.03--7.05 ppm from the aromatic protons of BB at 25 °C. However, for the LBCNPs-BB adduct, a distinct up-field shift of methyl protons (δ = 1.176 ppm) and aromatic protons (δ = 6.992--7.015 ppm) was observed compared to corresponding δ values for BB, at the same temperature. The higher δ values in the adduct were postulated as a result of hydrogen bonding interaction of carboxylic proton of LBCNPs with the oxygen of the −SO~3~ group of BB, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c. Because hydrogen bonding involved electron-cloud transfer from the hydrogen atom of the −COOH group to the neighboring electronegative oxygen atom, it resulted in a net shielding effect for the proton signals in BB, as mentioned earlier.

![Partial ^1^H NMR spectra of BB and LBCNPs-BB adduct in DMSO-*d*~6~: (a) ^1^H NMR spectra of methyl protons of *CH*~*3*~CH~2~N-group of BB, (b) ^1^H NMR spectra of aromatic protons of BB, and (c) pictorial representation of hydrogen bonding interaction between LBCNPs and BB.](ao0c03148_0013){#fig9}

Moreover, to further establish the existence of a transient complex formation between LBCNPs and BB, we recorded the ^1^H NMR spectra of the adduct at different temperatures. A closer look at the δ values of the methyl protons of the *CH*~*3*~CH~2~N-group depicted a continuous downfield shift of the δ values on increasing temperature ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a and [Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}). This observation clearly established the involvement of the transient static quenching mechanism along with dynamic quenching, in this system. Higher temperature typically resulted in the dissociation of weakly bound complexes, which led to smaller amounts of quenching as well as a lesser shielding effect.

###### ^1^H NMR δ Values for Methyl Protons of the *CH*~*3*~CH~2~N-Group of BB

  sample               δ values (ppm)
  -------------------- ----------------
  BB at 25 °C          1.218
  LBCNPs-BB at 25 °C   1.176
  LBCNPs-BB at 20 °C   1.172
  LBCNPs-BB at 15 °C   1.168
  LBCNPs-BB at 10 °C   1.165

2.5. Selectivity Studies of the Sensor {#sec2.5}
--------------------------------------

To study the selectivity of our sensor toward BB over other interfering analytes, the fluorescence quenching experiment should be performed with different coexisting substances. The fluorescence emission of the sensor was recorded at 380 nm in the presence of different cations Ni^2+^, Zn^2+^, Cu^2+^, Ca^2+^, Pb^2+^, Mg^2+^, Hg^2+^, Fe^2+^, and other coexisting species such as cellobiose, glutaric acid, sucrose, fructose, glucose, citric acid, and ascorbic acid. As expected, different extents of fluorescence quenching were observed ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}) on addition of different analytes of the same concentration (10^--4^ M). For better understanding, quenching efficiency of the sensor against different analytes was calculated by using the formula and plotted, where *F*~0~ and *F* were the corresponding fluorescence intensities of the sensor before and after the addition of the analyte. Except for Fe^2+^ and citric acid, other substances showed little or no quenching of fluorescence intensity of LBCNPs, demonstrating high selectivity of the current sensor toward BB detection. However, the concentrations of these interfering substances in the real sample are very low to cause a disturbance. The sensor was also found to be selective among other synthetic food colorants available in the market (Figure S12, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf)).

![Fluorescence quenching efficiency of the sensor in the presence of various analytes: (1) BB; (2) Ni^2+^; (3) Zn^2+^; (4) Cu^2+^; (5) Ca^2+^; (6) Pb^2+^; (7) Mg^2+^; (8) Hg^2+^; (9) Fe^2+^; (10) cellobiose; (11) glutaric acid; (12) sucrose; (13) fructose; (14) glucose; (15) citric acid; and (16) ascorbic acid.](ao0c03148_0002){#fig10}

2.6. Application of the Sensor to Real Food Samples {#sec2.6}
---------------------------------------------------

To explore the applicability of our sensor in real sample analysis, four typical food samples from the market were selected in the form of carbonated beverage, chocolate candy, mouth freshener, and jelly. As discussed in [Section [2.5](#sec2.5){ref-type="other"}](#sec2.5){ref-type="other"}, the concentrations of BB in each sample were determined using our fluorescence sensor. The experimental results are listed in [Table [7](#tbl7){ref-type="other"}](#tbl7){ref-type="other"}, obtained from the known calibration curve, as shown in Figure S13, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf). As can be found, the detected values for BB in carbonated beverage and mouth freshener were 0.07 and 0.004 mg/mL, respectively, which were found to be much lower than the authorized permitted limit of 0.1 mg/mL. The concentrations of BB obtained from chocolate candy and jelly were 0.13 and 0.087 mg/mL, respectively. While the concentration of BB in jelly samples was in the border line to the permitted limit, it crossed the permitted limit in chocolate samples. The low RSD values in a range of 2--4% suggested high accuracy and reliability of present analysis.

###### Analysis of BB in Food Samples

  samples                detected (mg/mL) ± RSD (%)
  ---------------------- ----------------------------
  carbonated beverages   0.07 ± 3.4
  chocolate candy        0.13 ± 4.2
  mouth freshener        0.004 ± 2.0
  jelly                  0.087 ± 3.89

2.7. Cell Viability Study of LBCNPs and BCNPs {#sec2.7}
---------------------------------------------

To demonstrate biocompatibility of CNPs, *in vitro* cellular toxicity studies were performed for LBCNPs and BCNPs, keeping in mind about their possible application as probes in cellular imaging owing to higher QYs. *In vitro* cytotoxicity of LBCNPs and BCNPs was evaluated by the MTT assay method against MDA-MB-231 cell lines. The cell lines were treated for 24 h with different concentrations of LBCNPs (35--600 μg/mL) and BCNPs (50--820 μg/mL). In LBCNP-treated MDA-MB-231 cells, the cell viability decreased from 100% to the lowest value of 72% with the increase in concentration ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a). For BCNPs, the cell viability decreased from 96 to 83%, as shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b. To our satisfaction, even at very high concentrations of the probe, the cell viability was more than 72 and 83% for LBCNPs and BCNPs, respectively. The results demonstrated the fact that CNPs did not cause cell death and possessed good biocompatibility against MDA-MB-231 cell lines, confirming the applicability of the said CNPs as a suitable fluorescent probe in a real biological system and clinical research.

![Results from cell viability evaluation of CNPs on MDA MB 231 cell lines: (a) LBCNPs and (b) BCNPs.](ao0c03148_0003){#fig11}

2.8. Cell Uptake Study of LBCNPs {#sec2.8}
--------------------------------

[Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} shows the confocal images of MDA-MB-231 cells incubated with five different concentrations (600--35 μg/mL) of LBCNPs. The fluorescence of internalized LBCNPs and the cell tracker dye in the cells were observed when excited with 405 and 560 nm laser, respectively. We observed that there was an excellent merge between LBCNPs and cell tracker dye-stained cells, indicating the cell uptake of LBCNPs. The internalization of LBCNPs into the cells was observed even at the least concentration, that is, 35 μg/mL. Moreover, we observed that 160 μg/mL stained cells contributed highest fluorescence intensity among all the concentrations because of the concentration quenching effect above 160 μg/mL and dilution effect below 160 μg/mL. The observation was in good agreement with the steady-state fluorescence intensity data of LBCNPs, obtained at different concentrations (Figure S14, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf)). The preliminary studies on cells provide information on the cytocompatibility and cell uptake of the CNPs. Future studies would focus on adopting the CNPs for bioimaging applications.

![Confocal fluorescence and bright-field images of MDA-MB-231 cells treated with LBCNPs with five different concentrations (600--35 μg/mL) for 1 h. The emission of the LBCNPs and cell tracker was recorded around 460--480 nm (blue) and 590--610 nm (red), respectively. BF: bright field. Scale bar was 50 μm.](ao0c03148_0004){#fig12}

3. Conclusions {#sec3}
==============

Full-color CNPs from *Eucalyptus* twigs were synthesized for the first time using an economical and green method *via* the differential washing (DW) technique. Among all the fractions, the highest QY of 10% was registered for LBCNPs, however, without any surface passivation steps in the synthesis. While the CNPs were successfully characterized for size, morphology, and zeta potential using DLS and SEM, the surface groups of the CNPs were determined using XPS and FTIR. Because of good photostability, LBCNPs were used as a selective fluorescence "turn-off" sensor for the detection of BB in water with a detection limit of 200 nM. The mechanistic investigation, comprising UV--visible, temperature-dependent fluorescence, and lifetime experiments, indicated toward a combined quenching effect consisting transient and dynamic quenching. Subsequently, the^1^H NMR study convincingly validated an H-bonding interaction between the −COOH group of the particle and −SO~3~ group of BB, as the definite reason for the observed transient quenching. Moreover, LBCNPs were used for low cost and fast detection of BB in food samples. The good biocompatibility of the LBCNPs in a span of reasonable concentration range ensured that they could be safely used as a fluorescent probe in cellular imaging.

4. Materials and Methods {#sec4}
========================

4.1. Chemicals {#sec4.1}
--------------

Dry *Eucalyptus* twigs were collected from the nearby urban forest. Ammonium chloride was procured from SDFCL, while Brilliant Blue and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich. Ethanol was purchased from Pharmaco-Aaper. Dulbecco's modified Eagle's medium (DMEM)--high glucose, Trypsin--EDTA, antimycotic, and fetal bovine serum (FBS) were purchased from Gibco. 96 well plates and T-25 cell culture flasks were purchased from Eppendorf.

4.2. Synthesis of CNPs {#sec4.2}
----------------------

A total quantity of 10 g of ammonium chloride was dissolved in 25 mL of water, and then, 2 g of coarsely crushed dry eucalyptus twigs were added to the ammonium chloride solution. The solution mixture was then subjected to hydrothermal heating for 4 h at 180 °C to obtain a solution with a dark black precipitate. This black precipitate was vacuum-filtered using a 0.2 μm filter membrane to obtain a brown color clear liquid. The precipitate was again washed and filtered with 25 mL ethanol to obtain a dark brown solution. Subsequently, two consecutive washing with 25 mL of water finally produced yellow and light yellow-colored clear solutions, respectively. The particles were labelled as GCNPs, RCNPs, BCNPs, and LBCNPs obtained from the brown, dark brown, yellow, and light yellow solutions, respectively. A schematic is shown in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}, illustrating the entire synthesis route adopted and physical images of the aqueous CNP solution under daylight condition and upon illumination with 365 nm UV light.

![Pictorial representation of the synthesis route of fluorescent CNPs.](ao0c03148_0005){#fig13}

4.3. Instruments {#sec4.3}
----------------

Surface morphological images of the CNPs were obtained using FE-SEM (FEI, Apreo). The stock solutions of the obtained CNPs were diluted to 1000 times and drop-cast on a silicon wafer. Before imaging, it was kept for a long time under vacuum for complete drying. Zeta potentials of the samples were studied using the DLS technique using a Malvern particle size analyzer (Zetasizer nano-ZS). FTIR spectra of the samples were measured within the range of 4000--500 cm^--1^ using the JASCO FT/IR-4200 Fourier transform infrared spectrometer. XPS measurements were obtained using Thermo Fisher Scientific ESCALAB Xi+. The samples were drop-cast on a silicon wafer and dried overnight before performing the scan. Absorption spectra of the CNPs were collected on the Jasco V-670 spectrophotometer. The absorbance values of the formazan crystals in the cytotoxicity study were measured at 580 nm using a microplate reader Spectramax M4, Molecular Devices. Steady-state fluorescence measurements of samples were recorded on a Hitachi F7000 Spectrofluorometer using a 1 cm path length quartz cuvette. The Horiba Deltaflex Modular fluorescence lifetime system was used for the Fluorescence Lifetime measurements of individual fractions, where 340, 375, 440, and 510 nm Nano LED excitation sources were used for LBCNPs, BCNPs, GCNPs, and RCNPs, respectively. Instrument response function was measured using milk colloids. Peak preset was kept at 10,000 counts, and the emission wavelength was kept at 380, 450, 520, and 580 nm for LBCNPs, BCNPs, GCNPs, and RCNPs, respectively. For UV--vis, fluorescence, and FTIR studies, all sample preparations and experiments were performed at 25 °C. The Leica TCS SP8 spectral laser scanning confocal microscope was used for confocal imaging experiments. The images were captured using Las X software and 20× objective lens. The ^1^H NMR spectra of the samples were recorded in DMSO-*d*~6~ using Bruker ADVANCE DRX (400 MHz). The ^1^H NMR spectrum of BB was recorded at 25 °C, while the spectra of the LBCNP--BB complex were recorded at different temperatures ranging from 25 to 10 °C with an interval of 5 °C; 60 μL of 1 mM of BB solution was added to 600 μL of LBCNP solution to record the spectra.

4.4. Fluorimetric Determination of Brilliant Blue {#sec4.4}
-------------------------------------------------

The detection of BB was performed in an aqueous medium at room temperature. A stock solution of 10^--2^ M of BB was prepared using Millipore water and diluted to different concentrations ranging from 10^--3^ to 10^--8^ M. The as-prepared LBCNPs were diluted to 1:3 v/v with water, which was used as the working solution of the LBCNPs in remaining fluorescence experiments. Typically, 200 μL of BB solution of different concentrations was added to 1.8 mL of the LBCNPs solution and mixed well. The quenching of the LBCNP fluorescence was measured at 376 nm when excited at 320 nm. A similar procedure was followed for the selectivity study of LBCNPs for BB, by measuring the fluorescence quenching percentage caused by various potential interfering analytes.

4.5. Real Sample Analysis {#sec4.5}
-------------------------

To determine the concentration of BB in the commercially available food samples, a calibration curve was prepared with known concentrations of BB ranging from 5 to 200 μM. The fluorescence quenching was observed by adding 200 μL of different concentrations of BB to 1.8 mL of the LBCNP solution. Meanwhile, selected food samples such as carbonated beverage, chocolate candy, mouth freshener, and jelly were purchased from the market. Carbonated beverage was analyzed directly, without any pretreatment, whereas chocolate candy and mouth freshener were dipped in 1 mL of Millipore water (pH −6.8) until all the BB was extracted. However, jelly was found to be not soluble in water. Hence, it was heated at 60 °C along with Millipore water until the complete color is extracted into water and the jelly becomes colorless. Later, the extract was cooled to room temperature before performing the analysis. Subsequently, 200 μL from each of the unknown extracted solutions were added to 1.8 mL of LBCNPs solution and the extent of fluorescence quenching was recorded. The quenching efficiency in each case was marked on the known calibration curve to determine the concentration of BB in the unknown samples.

4.6. Cell Viability Study {#sec4.6}
-------------------------

### 4.6.1. Maintenance of Cell Line {#sec4.6.1}

MDA-MB-231 cells were grown as monolayers in the L15 medium supplemented with 10% FBS, 100 μg/mL streptomycin, and 100 U/mL penicillin at 37 °C under humidified air. The cells were washed with 1× PBS followed by trypsinization after attaining 80% confluence. The trypsinized cells were pelleted by centrifuging at 1200 rpm for 10 min. The cell pellet was resuspended in 1 mL of L15 medium and was used to determine the cell concentration using a cell counter (Countess II, Thermo Fisher Scientific, USA). The required amounts of the cells were seeded onto the 96-well plates for the studies.

### 4.6.2. Cell Viability {#sec4.6.2}

Cytotoxicity of CNPs was determined by conventional MTT assay. MDA-MB-231 cells were seeded in 96-well flat-bottom culture plates at a density of 10,000 cells per well in 0.1 mL of L15 medium containing 10% FBS. The cells were incubated for 24 h at 37 °C in an incubator with 5% relative humidity for the attachment of cells.^[@ref67]^ After incubation, the medium was aspirated, and cells were treated with CNPs. The dilutions of the CNPs were made in 2% FBS containing L15 medium. Control wells were treated with equivalent volumes of 2% FBS containing L15 medium without CNPs. After 24 h of treatment, the medium was removed and replaced with a 100 μL fresh medium containing 10 μL of MTT (5 mg/mL) and incubated at 37 °C in an incubator with 5% relative humidity for 4 h. After incubation, the medium was discarded, and the formazan crystals were solubilized by addition of 0.1 mL of DMSO and kept in a shaker for 5 min. The absorbance was recorded at 580 nm. The cell viability in each of the treatments was expressed as percentage relative to the control cells (% control) and was defined as follows^[@ref68]^where OD stands for optical density of the respective solution measured at 580 nm.

4.7. Cell Uptake {#sec4.7}
----------------

The internalization of the LBCNPs was visualized by confocal microscopy. MDA-MB-231 cells at a density of 50,000 per well were seeded on a sterile glass coverslip. The cells were then treated with five different concentrations of LBCNPs and incubated for 1 h.^[@ref69]^ Later, the coverslips were washed thrice with PBS and treated with a cell tracker dye (10 μg/mL) for 10 min to stain the cells. Then, the cells were washed twice and fixed with 4% paraformaldehyde for 15 min. The treated coverslips were mounted on a glass slide and observed under a confocal microscope. To observe the emission of LBCNPs, the cells were excited using 405 nm laser line and the emission was recorded between 415 and 450 nm. However, for cell tracker, the cells were excited using 561 nm laser line and the emission was collected between 596 and 615 nm, with 30% gain.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c03148](https://pubs.acs.org/doi/10.1021/acsomega.0c03148?goto=supporting-info).Detailed procedure of QY calculation; excitation dependent emission plots of the CNPs; photoluminescence decay trace of all the fractions; DLS plots of CNPs; high-resolution XPS spectra of C 1s, O 1s, N 1s, and Cl 2p for all fractions; zeta potential measurements of LBCNPs, BCNPs, and GCNPs; photostability of LBCNPs upon UV irradiation at 360 nm; UV--vis titration of LBCNPs and BB; fitted curves for combined static and dynamic quenching; fluorescence quenching efficiency of sensor toward various food colors; and calibration curve for detection of BB in real samples and dilution effect on fluorescence intensity of LBCNPs ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03148/suppl_file/ao0c03148_si_001.pdf))
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